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Indirect Probes of EWSB at LEP and SLC

Common Goals of LEP and SLC:

O Check the internal consistency of

the Standard Model of Electroweak 1. Brief History & Overview
interactions (Z & W studies);

O Test with precision the predictions
of Electroweak Symmetry Breaking
(my vs my);

2. Brief Theory Reminder:
Why is Precision needed?

: : 3. List of “Electroweak” Observables
O Predict heavy particle masses and

) 5 N
new physics scale (Mg, My, A?) 4. A few Precision Measurements

e Z Lineshape & Beam Energy (LEP)
. Left-Right Asymmetry
and Beam Polarization (SLC)
e Heavy Flavour Rates (LEP&SLC)
e W mass (LEP)

5. The top mass prediction

6. The Higgs boson mass prediction

7. Standard Model consistency
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A Little Bit of History

1967: Electroweak unification, with W, Z
and H (Glashow, Weinberg, Salam);

1973: Discovery of neutral currents in
v e scattering (Gargamelle, CERN)
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1974: Complete formulation of the standard
model with SU(2),,,xU(1)y (1lliopoulos)

1981: The CERN SpS becomes a pp collider;
LEP and SLC approved before W/Z

discovery;
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1983: W and Z discovery (UA1, UA2);
LEP and SLC construction start;

First Z detected in the world:

UA2| |[I¥ " [

1989: First collisions in LEP and SLC;
Precision tests of the SM (m,,);

1995: Discovery of the top (FNAL);
Precision tests of the SM (my);

2000: First hints of the Higgs boson?

Probes of Electroweak Symmetry Breaking at LEP and SLC



LEP Overview: Luminosity,

Energy, Precision

Total Luminosity: 1000 pb-1

I
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Stanford Linear Collider Overview

=

[

H

e

SLAC Summer Institute

e First high energy e*e- “linear”
collider (with arcs);

e Reduced luminosity;

» 73% polarized electron beam;
 Small transverse beam sizes;

* Small beam pipe;

e Only one detector (Markll, SLD)
» 350,000 Z events
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Why is Precision Needed?

Electroweak Observables (i.e., related to W and Z) sensitive to vacuum polarization effects:

o
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Vo = a(1-4]Q|sin®6w)

v = a(1-4|Q|sin?6y°™)

sinQy = 1 - my?/m,?
(mw = mz cosBy)

sin26y = 1 - my2/m,2(1+Ap)

a(0) = 1/137.0359895(61)

a(my) = 1/128.968(27)
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L Couplings (v+a a
pig (v+a) —ﬂzzl% —Log
- iTmZ
R Couplings (v-a)
0.1% needed!
Tree-Level —F—» Corrected
2 2
a m a m
= +1/2 = an(1+A ith |1Ap = ——~ - Lo Al e oo
o a = ap(1+Ap) wi P 7mZ  an g m?

» Determine Ap and sin?6,,, from LEP/SLD data;
* Predict m,, and my,;

» Compare with direct measurements;

* Predict my,.

« Compare with direct measurements.
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Quantum Corrections to a(m,) (1)

Common quantum (energy-dependent) corrections to y and Z can be absorbed
in a redefinition of the QED coupling constant a (also called “running”)

O B )OO
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: o(e'e - hadrons)| |
sF oe'e - uu) |
— a QED (O) ; . ;
O’(S) B 1-A Aag® —A o £ |
aleptons ahad atop ;
/ \ ) _ !
Rhad [
Precise QED Small, 0 log my, 3
Calculation Calculate Ly e
EU— e*e- —~ hadrons TIY LEm ]
\1/:a uate at various Vs : } Uow,  sox . e% |, L
rom. + QCD predictions | o it
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+
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Quantum Corrections to a(m,) (11)

Results more and more precise:

O More e*e- data at low energy
(in particular with BES)

O Better knowledge of QCD at
low energy (proven by hadronic
T decays studied at LEP)

Q Aa®,(m,) = 0.02738 + 0.00020

Q a(m,) = 1/128.968(27)
(most precise, most up-to-date)
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Butkhardt, Jegetlehner, Yerzeghassi, Penso 1989 %

Tegetlehner 1992 &
Mevzoroy 1994

]

Geshkenbe n, Motgonoy 1994 —_—

O Matin, Zeppenfeld 1994
& Swaltz 1994
Geshkenbei n, Molgonoy 1995 r
Eidelinan, Jegetlehner 1995 L
Butkhatdt, Fiettzyk 1995 L
L Swartz 1993
adel, Yndutain 1995 e

Alemwany, Davier, Hocker 1997
Daviet, Hickelr 1997
Kiihh, Steinhaoser 1998

Grocte, et al. 1994

Davier, Hicker 1998
Tegetlehner 1999

Etler 1999

Osaka 2000 &

opdate of Borkhatdt, Pictizyk 1995

Wattin, Duthwaite, Ryskin 2000 ———

Burkhardt, Bietrz vk 2001 this papet

0.026 0.027 0.028 0.029
2
A C(had(mz)

Probes of Electroweak Symmetry Breaking at LEP and SLC

0.03



Precision Electroweak Observables (1)

Experiment Observable Main technology Precision | Physics output
Z Lineshape m Absolute beam energy 2.107° Input!
4 (+ ISR QED calculations)
[~ Relative beam energy 1073 Ap,as, Ny
(+ ISR ... )
g Opeak | Absolute luminosity 10°° N,
rh
LEP1 ~| R, = —hadron Final state identification -
T | ! Flepton 1.2.10 3 as, mtop
Energy (GeV)
WW Produgtion —-Absolute
o *Beam energy
: ‘ *Luminosity & 104
— My ~Final state ' My VS Meop
Identification
Heavy Flavour R, = Y i
b b-tagging 3 103
Rates hadron|  (Vertex detector)
- r. Mtop
% R, =" —|c-tagging (mostly SLD) 2%
Fhadron

SLAC Summer Inst
August 13-24, 2001
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Dependence on m,,, m, of m,, and R,

1. W mass: Specific Vacuum Polarization
H (myy,/mz)?

-~ ~

t

Ot~ 18
= (myy /mz)? %(1+Ar)
b

2

2 f N 2
_MA +i l—l =1 Z9W Logm_H+
sin®39, 3m|2 31-tan’3J, m:

Ar =

- (Different m,,, m, dependence)
2. Z - bb decay rate: Specific Vertex Correction

b R, - R, (1+0,,)

2
Oy, :—20a ”12 =~ 5% (No my !)

13 ny

0.5% needed
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Precision Electroweak Observables (11)

Experiment Observable | Main technology | Precision | Physics output
Parity Violation |« _3, . 5 5 A \Af __ 2v/g
L Couplings (v+a) 4 1+(v,/a )?
* Arg :erAb 1.3 10°°
R couplings (v-a)
3 -3 e
I e > LE 3.4 10 1-41Q [sin?6(]"
Asymmetries _ \IN _ :
e.g. . Pr> = A, Precise | 1.8 107 > sm26\e,\';f
= Z - Energy
% X\ D / High Luminosity to
=T e I pol — -3 B
e AR =4, s botaggng | 2-0 10 5.10-
T, T-selection =
Ezwu ﬁﬁﬁ ALLPLI ALR = PEXAe (SLC | ) 1.1.10_3 j
,,,,, | M only
f e Consistency
,,,,,, | ‘ Checks!
e sin28,, = 1 - m,, 2/m,2(1+Ap)
| |

LAC Summer Institute
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The Z Lineshape at LEP
3—2

mp)? +$TZ /.

- _Gm

At tree-level:
e f

with

2 an ff ><(Vf +af)xN |
o \ ; o \/é 0
— | o L AN [ ot T
£ | . . \‘ 0 (1+Ap)
T N 2 2 1) Measure g and s
b-: I ALEPH
o 2) Correct for QED and QCD
30 | OPAL ]
-30% for 00
I % measurements, error bars 0
10 - smlfdhyff_a:cwrlu ’ +200 MeV for m, +4% for qu
: ..... QED unfolded -
: 3) Fit for the Z parameters
ol ,s,’y{“zl . (mass, total width, peak cross
86 88 90 92 94 section and partial widths)
Vs = B, [GeV]

SLAC Summer Institute
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Measurement of the LEP Beam Energy (1)

Approximation: LEP is a circular ring
immersed in a uniform magnetic field:

B...
A dipole
P
e A SR
¥ ~
7z € S
N\ 7/
~ -
=~ S~ — —

e o -

(L = 2TR = 27km)

Elp=eBR=(e/2m) B L

In real life:
B non-uniform, ring not circular

pBdl

LEP \
\_/V

e
27T

E

To be
measured
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1) The electrons get transversally polarized
(i.e., their spin tends to align with B), but

* Process very sensitive to imperfections
(- slow, typically hours, and limited
to 0(10%) polarization)

Polarization (%) LEP PolTean
15 i T I I | ' '

ﬁ uﬁ“‘rﬂ"'*‘ T
5_} ++ +l+++++m ]
i
s
- _
4:00 | | | 4:|20 | | | 4:L10 | |
04-Nov-1996 day time (h)

e Process very sensitive to beam-beam
interactions (- one beam, no polarization
in collisions)

Probes of Electroweak Symmetry Breaking at LEP and SLC
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Measurement of the LEP Beam Energy (11)

2) The spin precesses around B with

3) Measure v, :
a frequency proportional to B.

s B | B,: oscillating field with
—-t-- The number of revc_)lutlons frequency v, in one point.
| for each LEP turn is thus e ———
proportional to B L (in fact, PR
| to | B dl, and then to E,,,) 7 e
| l '/—/’/.
S -
g. - 2 {015 Peak.2 ~ < { Vary v until Polarlzatlon 0
: eak- ==
— Je
Vs = 2 X Ebeam 103.5 Peak E [MeV]
rr]e 1055 Peak+2 44717 44717.5 44716 447185 44719
B L U rerT
N 2 Oct. 1991 £ 1003 X
16 1 -:E ,Q:: 1 o g “ '"f_;+'.'; ---------- o
12 | ! <0 Y
s b %: s [ 1 Precision
P ~{9++%%% - L | 02x10°
of ' .
N _ i
" ] . . . . \ N . . - '
L o L T L AEbeam IZI100 keV

SLAC Summer Institute

August 13-24, 2001

time ( min)

10 48 ICI1 481 101 452 101. 453 T{H 4B4
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Measurement of the LEP Beam Energy (111)

A dispersion of 10 MeV is observed (>> 100 keV)
in the same machine conditions. Correlation with

the moon found on 1992, Nov 11t:
A

NP

LEP at noon T
Shorter by 300 pm :

L=cxAt
SLAC Summer Institute
August 13-24, 2001

2 However, the electron orbit length
Is fixed by the RF frequency:

o/‘
7/
LEP at midnighp'/
Longer by 300 um

A E [MeV]

Probes of Electroweak Symmetry Breaking at LEP and SLC

i

o/‘

e At midnight, the electrons see
less magnetic field, E is smaller;

» At noon, they see more magnetic
field, and E is larger.

| November 11% 1992

- Prediction and data
“ [ fit perfectly ...

2300 300 200 1100 1500 1200 2300  3:.00

15



Measurement of the LEP Beam Energy (1V)

o

RF frequency:
352 254 170 Hz
(21 H2)

SLAC Summer Institute
August 13-24, 2001

'YYY)
\AAN/
@ Bdipole
YY)
o0

Electron orbit fixed by RF

Probes of Electroweak Symmetry Breaking at LEP and SLC
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Beam Orbit
® Monitors (BOM)

o (]
SLAC Summer Institute
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Other 10 MeV-ish effects understood even later:

Q Effect of the rain: water pressure in the
mountains change LEP circumference;
(controlled with the BOM's)

T | T T T T T T | T T T | T T T | T T T
% e Energy calibrations
g 0 m Horizontal Orbit (X, ;)
% i — Lake level fit
10 - _
e 2Tt Al
| e e 2Tl Al
20 F - .
- | Understood after three rainy months + :
A I R R R R
120 140 160 180 200 220 240
Days

Q Effect of the TGV: currents induced on the
LEP beam pipe change the magnetic field
(controlled by 16 NMR probes)

SLAC Summer Institute
August 13-24, 2001

Yoltage on rails V]

Voltoge an beampipe V]

Bending B field [Gaussl

Measurement of the LEP Beam Energy (V)

—0.012

—0.018 |

.02

—0.024

Understood after one-day strike

E FF:,E ¥, el

LEP beam pipe
P E T NS |
—t—t+—+— |

| LEP NMR

16250 16155

Time

Now

AE,.. <2 MeV

Probes of Electroweak Symmetry Breaking at LEP and SLC
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Z Lineshape: Final State ldentification (1)

» Vertex
Detector

Inner Tracking
Chambet

Time Projection
Chambet

Electromagnetic
Calorimeter

Superconducting
Magnet Coil

Hadron
Calorimeter

Muon
Chambers

Luminosity
Monitors

Forward Chamber B
Forvud EM Culu

Foovard Hade

i{

i w
4§, DELPHI

Time of fight
detector

uuuuuuuu
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Z Lmeshape Final State Identification (11)

e/  T'T": Two low multiplicity jets + missing

I/'—-‘\\ energy carried by the decay neutrinos
/ 'S
E e ——————————
ko)

\‘n

I L} I Channel Partial Width Branching
74 \\7 4
0
IJ-, — Hadrons | 1.739 GeV 70%
Neutrinos | 0.497 GeV 20%
o/ qq : Two jets, large particle multiplicity.
e Z - e*e", ML : Two charged particles (e or p.) Leptons 0.250 GeV 10%

SLAC Summer Institute
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Z Lineshape: Final State ldentification (111)

3000

4000

3000

2000

1000

Nurmber of Events

Hadronic decays:
High multiplicity
High mass

SLAC Summer Institute
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yieles

Leptonic decays: Low multiplicity,

(&

with (1) or without (e, u) missing energy

yy Collisions: b e
Low multiplicity, ar
Low mass v ’
et et
Selections with
QO High Efficiency;
O High Purity;
0
Count events : Easy?
FLORIDA YOTE COUNT TOTALS Fow. 28, 2000
PRESIDENT| Mov. 7 First Recount Certified
EM 2,909,176 2.911,672 2,912,790
[] Gore 2,907 491 2,910,942 2,912,253
Bush Lead 1729 930 HET)
Source: State of Flerida Systematic Uncertainty [10.1%

25 electoral wotes at stake

Probes of Electroweak Symmetry Breaking at LEP and SLC
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Z Lineshape: Results (1)

ALEPH
Aﬂ"‘\ 40 E P =
S35 E | Tnea | & 3 Te
230 E 14 F
6 20 3
25 F 3 .
20 £
15 F 3
10 £
w 5 E 2 B
0: 0:|||||||||||| 0:||||||||||||
) 88 90 92 94 88 90 92 04
g Vs(GeV) Vs(GeV)
w |5 18 g | 518§ |
= |[E16 Byt o, | S16 M o,
o 14 o © 14 f
1‘2 ;_91.15|—91.30 1‘2 f a1 15-51.
1 £ 1 E
08 [ 0.8 F
06 0.6 F
04 F 0.4 F
02 F 0.2 E
C_1 1 1 | | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 | | |
AR Ty %2 Ogs 00 02 o4
s(GeV) Vs(GeV)
< -
MEASURE
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Probes of Electroweak Symmetry Breaking at LEP and SLC

« Vs varied from 88 to 94 GeV;

e Points are from data in both
coordinates;

e Lines are from a standard model

fit to the Z parameters;

Mass of the £ Bosan

M, [MeV]
81180.3 + 3.1

211894 +3.0

»dof = 2273

Experiment

LEPH :—af

L3 —d

a]] +—

LEP »

COMMmon &rrar i

a1182 a1187 a11a2
M, [MeV]

811a87.5+ 2.1
1.7

10

Dominant (and common) error:
LEP Beam Energy Measurement

22



Z Lineshape: Results (11)

¥plums 231, bumber 4 PHYSICS LETTERS B

13 October 1989 wumsonon i prossrmss

ENEUTRAL INTERMEDIATE VECTOR BOSON 77
3 g sy

35

L& Mavember 1989

ALEPH
DELPHI

0 Received 120ciober 198% M-eﬁutm&f:"@ o
W reprt the recalts of fimst pliysics 1mns oF e L5 exteidurat LEF. Based on 2536 hadwoa events, we determined ke mass
O PAL friza and the widih I of he intermedine veetar Boscn 2° 1 be M =91 3240057 Gev {001 including the 46 Mev LEP
machine esergy uncermaintr} and M =2 SRR 20137 SV, W alag dete mlBed Fpy, = U367 2 0080 GV, comrespanding 1o
25 422048 mmber of newrine Mivors. We alss megsened ths muos pair cross setion snd detarmine the brenching ratio L3
== 00564 0 a0s T, il -
L3: 2538 hadronic Z’s e
20 N, = 3.42 +£0.48
DETERMINATION OF THE NUMBEH (QF LIGHT NEUTRING SFECIES \Y)
. IR Y E AT
Collaburmion 5 i = T 2
ALERH s e Iz= <
15

g (nb)

The: crosssectior for e* 2= bidroas in the sicinityof the T
‘CCRA Laug Eleciran Foiitron rollider, LEP, Measicement;
(2880 0015) GeVoand offhe nek hadmai

boson peak ks been measired with rhe 4T EPH dstectar as 1he
of the 7 ms, M= (91174 20070) GeV, the Z widdh =

js-secion, oy =(30.3+ 1.3} nb, are presented, Within the constriins of the
Beutring apadics ia fowms] wbo /=3

ALEPH: 3112 hadronic Z’s| IALEPH

10

N, = 3.27 £0.30

MEASURFEMENT OF THE z*

MASS AND WIDTH w IT

THEOPAL DETECTOR AT LEP
OPAL Collaberation]
L 2 1
| | L -
o I N R SR B R |9\O| Lo |g\1 1 1 |9|2| 1 |g|3| Lo |94| as OPAL_ 4350 hadronlc ZS
[zlz] l=] (“\t iz ndane_aucrimzntsl de:erhimri-:uurtbennssucuiwsnrc'e--mms.rnmawn aroand tbe Z° pole. On the basic
o hadionic nes collacted ¥ wrwen enan it i 2 G 26 G 1
Er-l e rgy (Gev) nr‘=BI.UIB:II.USt;?;G:'F_:‘;;; aver L o i Letween 8320 ¥ and 9326 GelV owe oblain 8 masc of

Total cechy widih of = 1,60+ 0,13 GeV. In the conte

impity 31204 peutring generations. wtaf the PA L[!l!wlu
v oL
MEASUREMENT OF THE MASS AND WITITH OF THE T8.PARTICLE N - 3 . 1 i O . 4
— 8 4 + O O FRDM MULTIHADRONIC FINAL STATES PRODUCED IN e*¢~ ANNIHILATIONS Vv
v - — -

DH..PI{[Cnlhhurnjiun'

DELPHI: 1066 Hadronic Z’'s

- Flm: measiremenss of the mass and wodth of the Z° performed at the neyly commissiosed LEP Callider by the DELP

Collaboeation arne prescoted. The measarenents & derived from the stady of multihadranic final states produced in e ™6~ 2nni.

Bilatinne ot several eoemier croumsd . “he P russs. The valuss founc foe themsess mnd widih 2re A Z7) = 91062 0009 (sia1) £ 0,045

Markl I Aug 1989, (SEL] GeY o (2% = 2424021 (stal ) GeV respectively, from farcc-paramete- flt 1o he ling shape. A two-parameier fi
2 t-tramenark af ive standard mdel vidds forthe nunbes

with 106 Z decays: 13-Oct-1989:

{nb}

07

—
(¥

| IDELPHI]
N,= 3.8 +14. N,=3.16 020 \” N, = 2.4 +0.4

LAML S T I = |

E (GeV)
SI_I_\\/ uUtiiniicit BliovILuLeC

: 3
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Z Lineshape: Results (111)

LEP
(1998)

Obs. Value Error

my | 91187.5 | 2.1 MeV

250
[ | 2495.2 | 2.3 Mev<%§’§
200 |-

c° | 41540 |0.037 nb

m, [GeV]

150

R, | 20.767 | 0.025

4 2494.6 +2.7 MeV

common 1.7 MeV
notcom 2.1 MeV
wiidof = 3.3/3

| m, =91186 =2 MeV

E m,, =60 -1000 GeV

C 0 0 '
Opag/ O 100

2480 2490

2500
I, [MeV]

500 MeV
in 1989

With this measurement alone:

r,0a+opl—/ -
2 {1+ 4p) M, 0165 + 25 GeV/c?

SLAC Summer Institute
August 13-24, 2001

(+small sensitivity to my)

Probes of Electroweak Symmetry Breaking at LEP and SLC
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Heavy Flavour Rates: ldentification (1)

towards c- and s-hadrons, with a
macroscopic lifetime (1.6 ps for b's), corresponding to few mm's at LEP

N 3d-vertexing determines
" secondary and tertiary
vertices.

High resolution is crucial.

of
reconstructed tracks
allow b quarks to be
tagged with very good
purity.

Mass of secondary vertex
tracks is a very powerful
discriminator of flavour
(b, ¢, and light quarks):
m,[b GeV/c?, and

m 1.5 GeV/c?.

SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 25



Heavy Flavour Rates: ldentification (11)

Vertex detectors (Si p-strips, CCD’s, pixels):

e At LEP: inner radius 6 cm, good resolution;
e At SLC: inner radius 2.3 cm, superior resolution.

SLD can do both b- and c-tagging with good purity.

1200 Data ——> ")

Vertex Mass for Events
With a Secondary Vertex
In SLD

1600

1400

1200

1000

800
600
400
200

uds (MC) /U/V 1 2 3 4 5 5

2
SLAC Summer Institute Vertex Mass (GeV/C )
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Heavy Flavour Rates: Results

Use double-tag method to reduce uncertainties
from the simulation, e.g., in bb events:

hemi _
1:1 = I:ebgb T chc T I:Quds‘s‘uds

fzhemi = Rbgl:? (1+ pb) t Rc‘gc2 t I:eudsgjds

Take €., €4, @and p, (all small) from simulation.
Solve for g, and R, !

0.19

0.16

Rate | Value Error

! P'relirhinéry!

Rp 21.646% | 0.075%

<>3 103

R. | 17.19% | 0.31%

0214

0216 0218
0
Rp

SLAC Summer Institute
August 13-24, 2001

DELFHIL mul

E992.7E

X mule

SLIF vix mass

LEF®

i, [Cae |

L9953 FE

5L
150 =

i
n -

(E1N o

rbﬂ'_hld.

- — ni

- 2163 + ANIAGT +
— ik 12174 = A5 1) 2R
e 21627 & 002 + (LmipTsS

o F 20646 = NGRS

eaFrecleil Ter v exchangs

FE TR SRR S %
D215 B21S aRITE 02

T /T g Fox T T, = 0072

With this measurement alone:

m,.. 0150 + 25 GeV/c?

top

(dependence on my, qg, ... cancel in the ratio)
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Prediction of m,,, from EW Measurements

1988
SN A top mass of 177 GeV/c?
astly-w .
was predicted by LEP &
| UA1, UA2 . . .
1983 3 —t SLC with a precision of
‘ 124 10 GeV/c? in March 1994.

1990 o -===--- T ——— TS LEP/SLD

141 One month later, FNAL

1 FNAL _...... —— i LEP/SLD !
1991 SN announced the first 30
h e evidence of the top.
1992 - e i LEP/SLD
-‘j In 2001:
177
1993 4 e —aseaaae= LEP /SLD
I EW _ 2
| m,, =180.5+10.0GeV/c
174-£16 P
1994 First evidence (<30) —————  FNAL direct 5
(actually 2.90) My, = 174.3+5.1GeV/c

1995

L L L L L L L L L B L B

80 100 120 140 160 180 200 220 Perfect consistency between prediction
Top mass (GeV) and direct measurement. Allows a global

fit of the SM (with my) to be performed.

SLAC Summer Institute

August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 28



Asymmetries: Measurement of A ; at| 5Lo (1)

_OCR)ZOGR) _ 0. 70 _pp yith P = N —N°
e e (e~ beam polarization)

QA (OA ~14%if P, = 100%) is 10 times more sensitive to sin?6,,
than Aept(D AA, ~ 1- 2%):

Q A is independent of the final state (Z — hadrons, 11T, p'W);

Q A ; is independent of the detector acceptance;

1 Most of the theoretical corrections, uncertainties (QED, QCD, ..)
cancel in the A ; ratio
Statistical
& uncertainties compete with LEFP asymmetry measurements
Systematic (unpolarized)

SLAC Summer Institute
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Asymmetries: Measurement of A ; at Lo |(11)

Condition # 1: Have a longitudinally (1100% polarized electron beam.

» Get longitudinally polarized e- by illuminating a GaAs photo cathode with
circularly polarized Lasers (frequency: 2 x 60 = 120 Hz)

> In principle, P, 1100% can be reached. In practice, 80% was achieved.

) ) ) . YAG—pumped
> Change the sign of the polarization Bunch 1 1 THSARRR 1€ Lasers (3ns) Lottor Righ
on a random basis to ensure that .. - Bunch Intensiy Circularly Polarized Light
equal amount of data are taken with §~§1;\/
both signs, and that the luminosity Thermiorio Gun
IS not tied to any periodic effects Litbarty . Mirror Box
. | Circular {praserves circular
in SLC. Polarzed Ligh Polarizer polarization)

Laser Pulse Ga As
Chopper2ns  Combiner Cathode 'w

P : — é Q(\
Shroud / Subharrnomc.g)\

Polarized Buncher (100 ps} /\&
{Gun
S-Band /4

(unllke Buncher {20 ps)
ot Accel S
L E P) _ erator Section

SLAC Summer Institute
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Asymmetries: Measurement of A ; at| 5.0

(1)

Condition # 2: Measure the e- polarization P, with 0.5% accuracy.

» Collide 45.6 GeV long. polarized e~ with
2.33 eV (532 nm) circularly polarized
photons every 7% bunch (17 Hz);

» Detect Compton back-scattered e~ as
a function of their energy after a bend

532 nimi
Frequency Doubled
Eqﬁ’ﬁ.ﬁn{aser
Mirrl_'ll_

B A __v’
J-1__-"'- R

o= Circular Polanider

Y

— ained
o ¥ Steering Lens

magnet;
Mirroe Box
- ¥ il
—_— Lasar Beam ___~ - .
> O-(E) - O-O X [1 + A(E) Pe Py] -i'l-l1-|'l|'|l'q':I:r-'-ll'II:1D|.II'I'1:I- : s Cl:ll'ﬂll'i-l.'.\-l'l-
o i : Back Scallened &
1o T eyt oo
- [npolatized Croes 5etion O- ; E s B ks - p o
e Uap < 0 b and’ N
¢ u Polarized Gamma__* 9 — Guarz Fiber
12 Counter W Colorimeter
(]
1.8 I
b | A(E) Seatiering ’Y €
0.4 T 0, and A(E) are
:j theoretically well
e known (pure QED
' Cerenkov Detectors
| —TT ] process)
ol s T 12 L4 T T 20 C ’Y
Trimiveres Lhilance from Meoirl SBeam e |om|
SLAC Summer Institute
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Asymmetries: Measurement of A ; at| 5Lo [(1V)

» Reverse on a random basis the sign of the photon polarization P,
(close to 100%, optically measured with filters);

» Count the number of e- detected in each of the Cerenkov channels
(about a hundred electrons per channel at each beam crossing)

» Deduce the e- beam polarization from the asymmetry

N T - N < Datactor: CKY Channal: 7
— T T T | T T T | T
N N + N - 2N offset — A( E) Py Pe 500 Accum Ended: 21-Apr—1994 O7: 34 17.79
_— — Run # 121328 —
400 ] A
Uncertainty oP/P 2 '
‘:c — —
Laser Polarization 0.1% o
200 — — = =
Analyzing Power 0.4% ‘ ‘ H H
Linearity 0.2% | L JLHJLl il
o 1 1 1 1 1
Electronic Noise 0.2% ° 20 40 6o 80 100
Beam Crossing
TOTAL 05% 1994 Cemmissioning Trigger 30 H=z
e {Fe ~ 80 %) e- 10 Hz
TT5EAE e 7 S H=z

SLAC Summer Institute
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Asymmetries: Measurement of A ; at| 5Lo (V)

Cross-checks:

« Count Compton-scattered gammas at the kin.
threshold with two additional calorimeters.
Agree with the main measurement to 0.4%.

« Measure the positron polarization to be 0.0%
with an accuracy better than 0.1%.

Condition # 3: Count events in SLD

N, - N,
= AP
N, N =APR,

e.g., in 1997-98:

Ar =

o N, = 183,355; N = 148,259

0P, = 72.92%

= A, = 0.1491 + 0.0024 (stat.) + 0.0010 (syst.)

SLAC Summer Institute

0.74
0.72|F

0.70F

PGC & QFC Polarization

0.68[

[T T
0.76 F

OPGC &

-

L
i -
[

#

F

L AE
L :

0.4% calibration?
Cross c:hec:k E

0.68

070 072 074 076
CKV Polarization

Complete data set:

A, =0.15138+0.00216
sin®gS =0.23097 +0.00027
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Asymmetries: Results for sin26{,’

SL.D-LEP Comparison . =D - 2
LEP Average (Moriond "$5): sinzﬂeﬁw=0_2318t0_0004 : ‘SEELE,EI S I n fl.geff
SLD A& (92 - '95) sin’®7F =0 2304940 00050 m  OPAL yeq : AI r Afb( b)
1993 . difference
0.24 1 LEP Avcmgc 1994‘_._ ;H _._ 2;2 U
. . I
z iT ADSETIES T IA 11 P I 1995 o ilie_ 1.9a
& 023 & }f - 3 IJT + 1 E”
1 1996 ++ 300
0.22 1997 e E”_._ 3.1
al k| e NE A % i
1998 ol 24a
021 [
1999 i 2.9
A ] 0.23099 +0.00053 e ’
AP - 0.23159 +0.00041 b  Leptons: 2000 . °90
0.2310+0.0002 i
0.b 7?7 iy
Ay —v— 0.23226 +0.00031
0,c - . . . 1l
A T 0282724000079 Zefgzgarks' Still statistically acceptable, but
) +0.0003 e
<Q, > = 0.2324 +0.0012 | a couple of add'l years at LEP
and SLD woiijld have helped...
Average - 0.23152 £ 0.00017 o
N y'idof: 12.8/5 i
0.23 0.232 0.234 onzo oo
. Eﬂlﬁpt ALL: | 0.230 0.235
SIN B sin’gd "
0.23152+0.00017
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Asymmetries: Results for a, and v,

Axial and vector couplings (a;, v;) from A , (SLC) and Z - I"l" (LEP)

S|
1 Before LEP&SLC
0.5—_ e'e > u'p
‘ N
0- ] @%
0.5-
1- N I
-1 -0.5 0.5

Precision on sinze\,g 5 10'£ adequate to become sensitive to m,,.

SLAC Summer Institute
August 13-24, 2001

>—' 1 Y ———————————
1 After LEP&SLC| ] | " Prelimindly
0.5 1 S :
1 -0.038 ﬁa—
: 0041 -0..;03 0502 -0.501 68%-7(;;-
O_ T 9
: Errors x10 T
0.5 x 200
e
-1 -0.5 0 0.5 1
q
35
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Asymmetries: Prediction of m,,

80_6 | | ] I | | | I | | | | 1 - -
1 _LEP1, SLD, VN, APV Data Predict mW in the SM:
| my? = m2(1+ Ap)cosz-ﬂi\jf
8054 ©68%CL
_ . Direct
% Measurements*
O 80.4-
= Precision
- Measurements
80.3 -
| m, dependence in the SM
mIal 1[(28 30 Preliminary] through quantum corrections
80.2 L L — T T T Y (see later)
130 150 170 190 210
* Coming now for m,, at LEP;
See Y.-K. Kim lecture for m,,
mT [GeV] and m,, at the Tevatron. i
SLAC Summer Institute
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W mass at LEP 2: Production and Decay

e W

WW- - ;0,050 WAW- — gy, Iv: WHW- o v, L,

Four well separated jets. Two hadronic jets, Two leptons, missing energy

One lepton, missing energy.
SLAC Summer Institute
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W mass at LEP 2: Threshold cross section

LEP Preliminary
- LEP 161 GeV W mass
i RacoonWwW [/ YFSWW 1.14
' * ¢ $ % [
I ¢ ® DELPHI ~ —{+—— 80.40 "0 GeV
Q —
EH 15 13 —A— 80.80 *24% Gev
° +
i LEP o &0.40 +0.22 GeV
10 - ¥
I S : : common 0.07 GeV
. 795 80 805 81 815
my, [GeV]
U 1 | | | | 1 1 | | | 1 | | 1 | 1 1 | 1 1 | 1
160 170 130 190 200 210
E__[GeV]

m,, (thresh.) = (80.40 £ 0.22) GeV/c?

SLAC Summer Institute
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W mass at LEP 2: Direct measurement (1)

O unknowns,
5C fit

5 Constraints:

4 4 ~
ZEi =+/s, Zﬁ. =0,
i=1 i=1

my =My,

3 unknowns,
2C fit

SLAC Summer Institute

m I | I I | I

it}

e

g — Breir Wigner my, = 80.330 GeV

L

g — [ Reconstructed m Iy = 2.093 GeV

H

>

m - —
. . | . .

60 70 80 90 100

K/ Fitted mass (GeV)

 Initial State Radiation;
(change the effective beam energy)

e Detector Resolution;
(change the jet directions)

e Other four-fermion diagrams
(create non-Breit-Wigner bkgds)
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W mass at LEP 2: Direct measurement (11)

= Mostly rely on simulated mass distributions to determine m,,

OPAL 183-209 GeV

[Ldt=677pb!

Events
uh
s
=
=2

250 —

200

B Other big

150

100

50

[ Combinatorial b/g |

qq99

50 55 90 95 100 105

m (GeV

in 300 T T T T
gzsu N qqlv =
200 _— —
150 _— —
100 _— —
so L ]

ﬁ | -LE 105
m (GeV

SLAC Summer Institute
August 13-24, 2001

10,000 W pairs per experiment

LEP Combination:

m,,(qqqq) = 80.448 + 0.043 GeV/c?

m,,(qqlv) = 80.457 + 0.062 GeV/c?

Good compatibility between the two
final state: Am = 9 + 46 MeV/c?
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W mass at LEP 2: Result and Uncertainties

Suminer 2001 - LEP Preliminary W-Boson Mass [GeV]
ALEPH [1996-2000] + 80.471+0.049 pp-colliders —#— 80.454 £ 0.060
DEILPHI [1996-2000] + 80.401+0.066 LEP2 —+—  80.450 + 0.039
L3 [1996-2000] + 80.398+0.069 Average -0-  80.451 £0.033
¥“DoF: 0.0 /71
QPAL [1996-1999] + 80.490+0.065
LEP "' 80.45040.039 LEP1/SLDAN/APV —A— 80.363 = 0.032
sy idof = 32.5 /39
LEP working group LEP1/SLD/VN/APV/ m, -& 80.373 +0.023
l : ! : L : ! : ! ! ‘ T I — 1 ‘ ‘ T 1 ‘
80.0 81.0 80 80.2 80.4 80.8
M, [GeV] my, [GeV]

» Good consistency between experiments; mW(LEP) =80.450 + 0.025 + 0.030
(stat.) (syst.)

» Good consistency with hadron colliders

(see Y.-K.Kim lecture); Limited by systematic uncertainties

on final state interaction (Bose-Einstein

» Good consistency with Z data (LEP/SLD). Correlation and Colour Reconnection)

SLAC Summer Institute
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W mass at LEP 2: Final State Interactions

Interactions between W hadronic decay products may //<
cause a shift between the mass from fully hadronic and q T
semileptonic events:
P W"‘ /
l' X /’<
 Colour Reconnection: QCD interaction between 7 %
quarks from different W's; @p&\’ “Z-f’:(‘\ T -
) T\ g /
. : : : : W
» Bose-Einstein Correlations between identical -
hadrons (pions, kaons), well established in single@P\\/\’ q KK~
W or Z decays. S T
I .

Use the data to constrain them !

L Without FSI

SLAC Summer Institute
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Global Fit of the Standard Model to m (1)

Knowing m,,, most electroweak observables have a sensitivity to m, through Ap

10 3
> = =
Q Q 18]
S S, S :
T T T EE
E E E e
. 10 R
0.0z 0.085 I D!E|1b TD.1DS
. 10 % ol
= = 5
8 s &
& k&ﬁ & &
10 % 1 104 ?"”% : 10 4
41. I I I I I 41.6 g0.2 I I I 80.4 I 0.06 I I D.ID?' I 0.08
. m,, (LEP) [GeV] AlS
E heasurement MMeasurement
] aefl=0.02761 +0.00036 = Ael= 0.02761 + 0.00036
5 .= 0118 £ 0,002 & «,= 0.118 + 0.002
F ] B m= 1743151 Gev & B me- 1743 £5.1 Gev
10 24 .
I Zﬂl.Ei 014 I I 0.15 I
R} A, (SLD)
SLAC Summer Institute
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Global Fit of the Standard Model to m, (11)

6
Global fit of m, and m,: |
H Aty =
EW _ 2 1 i —0.02761+0.00036 I
mtop =180.5+10.0GeV/c T i ---0.02738+0.00020 -
. 4 - _
miret =174.3+ 5.1GeV/cZ/NL__-. :
E]e ] _
- All except m, | > a
200 - 68% CL E — | i
% 180 - i . | 0 Excluded N\ - - Preliminary
g & e ..T 10
e | 7 ! m, [GeV]
160 - | N EW 457
: _ Myiges = 10873 ! GeV/c?
140 Exc'.Ude.d. o é _ Preliminary 3
10 10 10 My < 222 GeV/c? at 95% C.L.
m, [GeV]
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Global Fit of the Standard Model to m, (111)

Internal Consistency of the Standard Model?

Measurement Pull (Q™%%- E}m)h)-meas
3 -2 -1 (|J 12 3
m,[GeV] 91.1875+0.0021 .03
T,[GeV] 24952 £0.0023  -.48
op,Inbl  41540+0.037  1.60
R 20.767 £0.025  1.11
Al 0.01714 £ 0.00095 .69
A(P) 0.1465 £0.0033  -.54
Ry 0.21646 +0.00065  1.12
R, 0.1719 £0.0031  -.12
AP 0.0990 +0.0017  -2.90
ApS 0.0685 +0.0034 -1.71
A, 0.922 +0.020  -.64
A, 0.670 +0.026 .06
A(SLD) 0.1513 £0.0021  1.47
sin“8°(Q,) 0.2324 +0.0012 .86
m{F") [GeV] 80.450 +0.039  1.32
m, [GeV] 174.3 £5.1 ~.30
mi~") [Gev] 80.454 +0.060 93
sin“g,(vN)  0.2255 +0.0021  1.22

SLAC Summer Institute
August 13-24, 2001

3-2-101 2 3

Number of Measurements

Pull distribution = Normal Gaussian?

1| Mean: 0.22 + 0.28

Sigma: 1.1+ 0.4

Largest discrepancy (-2.90) well inside
statistical expectation;

%2 probability = 8%. Just fine.
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Global Fit of the Standard Model to m, (1V)

What Next?

O Now: dMy,, = 5.1 GeV, dmy, = = 34 MeV
Mg = 10873 GeV/c*
Q With My, = + 2 GeV
Mg = 7 g GEV/C?
Q With dmy, = + 15 MeV
Mg = 2 09 GEV/C
Q With 8my,, = + 2 GeV and dm,y = + 15 MeV

EW +21
Mg =7 © GeV/c?

SLAC Summer Institute
August 13-24, 2001

1st Lecture Conclusions

» LEP and SLD allowed the internal
consistency of the standard model
to be tested with great precision;

» LEP and SLD checked the predictions
of the Electroweak Symmetry Breaking
mechanism (e.g., my, = m,xcos0,,);

» LEP and SLD allowed the mass of the
top quark to be predicted several years
before it was discovered in 1995 at the
Fermi National Laboratory;

» LEP and SLD measurements led to the
prediction of a relatively small Higgs
boson mass (around 100 GeV/c?);

» Future Machines (Tevatron, LHC, LC)
will be important for EW Physics.
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